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ABSTRACT 
Linear accelerators producing photons above 10 MeV may induce photonuclear reactions 
in high Z components of the accelerator.  These liberated neutrons can then activate the structural 
components of the accelerator and other materials in the beam path through neutron capture 
reactions.  The induced activity within the accelerator may contribute to additional dose to both 
patients and personnel.  This project seeks to determine the total activity and activity per 
activated isotope following irradiation from a Varian medical linear accelerator at energies above 
10 MeV.  A Varian 21iX accelerator was used to irradiate a 30 cm x 30 cm x 20 cm solid water 
phantom with 15 MV x-rays.  The phantom was placed at a source-to-surface distance (SSD) of 
100 cm and at the center of a 20 cm x 20 cm field.  Activation induced gamma spectra were 
acquired over a 5 minute interval after 1 and 15 minutes from completion of the irradiation.  All 
measurements were made using a CANBERRA Falcon 5000 Portable high purity germanium 
(HPGe) detector.  The majority of measurements were made in scattering geometry with the 
detector situated at 90° to the incident beam, 30 cm from the side of the phantom and 
approximately 10 cm from the top.  A 5 minute background count was acquired and 
automatically subtracted from all subsequent measurements.  Photon spectra were acquired for 
both open and MLC fields and activities for each nuclide were estimated from detector 
efficiencies as determined from Monte Carlo simulations.  Based on spectral signatures, the 
following nuclides were identified: 
56
Mn, 
62
Cu, 
64
Cu, 
82
Br, 
99
Mo, 
122
Sb, 
124
Sb, and 
187
W. In all 
cases, estimated activities from the activation products were in the microcurie range.    
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Chapter 1 
Introduction 
1.1 Medical Linear Accelerators 
The practice of using radiation for medical purposes began shortly after the discovery of the 
x-ray by Wilhelm Roentgen in 1895 (Hendee et al., 2005).  Before the invention and widespread 
application of the 
60Co unit in the 1950’s and 60’s, most external beam radiation therapy was 
conducted at energies up to 300 kVp (Khan & Gibbons, 2014).  As time went on, the use of the 
kilovoltage machine was gradually phased out and the megavoltage machine became the primary 
source of external beam radiotherapy.  Today, the use of megavoltage beams is preferred because 
of its superior penetrating power, but kilovoltage beams still have application for treatment of 
superficial skin lesions (Hendee et al., 2005; Khan & Gibbons, 2014).  
Modern linear accelerators (linacs) used for external beam radiotherapy operate on the 
principle of using high frequency microwaves to accelerate charged particles (i.e. electrons) to 
high energies where they can be used specifically to treat superficial tumors or made to interact 
with a high-Z metal target to produce x-rays which are ideal for the treatment of deep lesions.  
This is the basic operating principle of the Varian 21iX linac used in the experiments conducted 
in this work.  Although other methods of charged particle acceleration are possible, the 
application of high frequency microwaves used to accelerate electrons will only be discussed 
here.  A block diagram showing the major components of a medical linac is presented in Figure 
1.1. 
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Figure 1.1: Block diagram of a medical linear accelerator. (Khan & Gibbons, 2014) 
 
Linacs require a large amount of power to operate.  The modulator creates direct current 
(DC) from the alternating current (AC) provided by the power supply. The modulator consists of 
both a switching tube, called a thyratron, and the pulse-forming network that will modulate this 
current into flat topped DC pulses of a few microseconds because linacs accelerate electrons in 
bursts and not as a continuous beam (Hendee et al., 2005; Khan & Gibbons, 2014). The output of 
these pulses is simultaneously delivered to the electron gun and the magnetron or klystron which 
produces the microwaves needed to accelerate the electrons.   
Magnetrons are typically solid cylindrical copper anodes with a central cathode and 
resonant cavities bored into the wall of the cylinder. A diagram of a magnetron construction is 
presented in Figure 1.2.  A vacuum is created between the anode and the cathode and the cathode 
is heated so that electrons are generated by thermionic emission.  A permanent magnet supplies 
an axial magnetic field to the system and with each DC pulse applied the electrons are 
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accelerated towards the anode and move in complex spirals due to the magnetic field.  Due to 
their spiral pathways the electrons will radiate energy in the form of microwaves which are 
guided to the accelerator tube by a wave guide system.  Magnetrons used in linacs create 
microwaves of about 3000 MHz and typically provide 2-MW peak power output for lower 
energy linacs (6 MV or less) and up to 5-MW power for higher energies (Hendee et al., 2005; 
Khan & Gibbons, 2014).   
 
Figure 1.2: Magnetron schematic. (Hendee et al., 2005) 
 
Klystrons are not generators of microwaves but instead act as microwave amplifiers and 
therefore need to be powered by a separate microwave oscillator (Khan & Gibbons, 2014).   A 
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cross-sectional diagram of a klystron is provided in Figure 1.3.  The application of the DC 
current from the pulse forming network injects electrons into the initial cavity where their 
velocity is modulated by the electric field of the applied low-level microwaves.  This modulation 
causes the electrons to form bunches before they enter the field free space of the drift tube 
toward the “catcher” cavity.  As they enter the catcher cavity they are decelerated and the kinetic 
energy of the electrons is transferred to higher-powered microwaves (Hendee et al., 2005; Khan 
& Gibbons, 2014). 
 
Figure 1.3: Cross-section of a klystron. (Khan & Gibbons, 2014) 
 
Microwaves that are emitted from the magnetron or klystron are guided to the accelerator 
tube by the metal walls of the waveguide by propagating through Freon or sulfur hexafluoride 
(Hendee et al., 2005).  The accelerator tube contains a high vacuum to prevent the electrons from 
interacting with gas molecules and the electron beam that exits the accelerator tube is a pencil 
beam of approximately 3 mm in diameter.  This beam will pass through a bending magnet and 
then either interact with a high-Z material target such as tungsten to produce x-rays or will 
encounter an electron scattering foil for direct treatment using electrons.  Targets used for the 
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production of x-rays are water cooled to prevent overheating and are at a thickness that allows 
for the maximum number of electron interactions with a minimum number of x-ray self-
absorption. 
Tests were also conducted using a Multi-leaf Collimator (MLC) with the same experimental 
parameters.  MLC’s are increasingly being used in medical linacs for intensity modulated 
radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT) procedures because of 
their unique beam shaping abilities.  By adding an additional collimator, photon fluence can be 
more properly mapped.to tumor shape during the treatment planning.  This has the effect of 
sparing surrounding tissue and providing maximum dose to the tumor volume.  Prior research 
has shown how the addition of MLCS to the beam affects radioisotope activation (Fischer et al., 
2006).  The experiments reported herein similarly sought to test the influence of MLCs. 
 
 
1.2 Neutron Activation 
The techniques and equipment used for radiation treatments of cancer have become 
increasingly sophisticated (Hendee et al., 2005; Khan & Gibbons, 2014; Wambersie & 
Gahbauer, 1996).  The application of the linear accelerator for cancer treatment has allowed for 
radiation to be delivered at higher energies and with greater penetration and accuracy than ever 
before.  With the introduction of techniques such as IMRT and VMAT, the energy of the 
radiation produced by these machines can reach energies of 20 MeV. One of the caveats of using 
high energies is the following; medical linacs that operate at energies above 10 MeV are capable 
of inducing photonuclear reactions in the high-Z components of the accelerator as well as various 
materials in the treatment room through photonuclear and neutron capture reactions (Ahlgren & 
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Olsson, 1988; Almen et al., 1991; Brusa et al., 2008; Fischer et al., 2006; Fischer et al., 2008; 
Kim et al., 2009; Konefal et al., 2008; Konefal et al., 2012; Ram & Steadman, 2014; Roig et al., 
2004; Thomadsen et al., 2014; Yamaguchi et al., 2008).  The most common photonuclear 
reaction is the (γ,n) in which a high energy photon will interact with the target nuclei resulting in 
the emission of a neutron.  This neutron will travel a distance and will lose energy through 
interaction with the surrounding material until it undergoes an (n,γ) interaction which results in 
the activation of a material outside of the initial photon beam.  Materials that can undergo this 
photoactivation include linac components, patient support systems, treatment accessories, 
building material, air, and the patient (Thomadsen et al., 2014).  Typical radionuclides produced 
by the photoactivation process in a high energy radiation treatment room are summarized in 
Table 1.1.  
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Table 1.1: Common radionuclides produced through photoactivation processes in and around 
medical linear accelerators.  (Thomadsen et al., 2014) 
  
There are a variety of positive and negative issues associated with the activation of materials 
through photonuclear reactions.  For example, linac-induced photoactivation has been used for 
the production of various medical radioisotopes (Howard & Starovoitova, 2015; Starovoitova et 
8 
 
al., 2014).  However, the activation of materials inside and around a linac will generally pose 
problems.  Materials activated in a linear accelerator can cause issues to arise during 
decommissioning of the machine as workers may be exposed to radiation from the activation 
products (Brusa et al., 2008; Kim et al., 2009; Yamaguchi et al., 2008).  Photoactivation of 
materials used in linacs can also potentially contribute to additional dose to patients and to staff 
(Almen et al., 1991; Fischer et al., 2008; Kim et al., 2009; Konefal et al., 2008; Yamaguchi et al., 
2008).  A number of studies have identified various radioisotopes produced from 
photoactivation, but few studies have quantified the total activity from these activated isotopes 
(Fischer et al., 2006; Fischer et al., 2008; Ram & Steadman, 2014).  
 
 
1.3 Falcon Detector 
The Falcon 5000 is a high purity germanium (HPGe) detector developed by Canberra 
Industries which is capable of dose and count rate measurements, GPS location identification, 
nuclide identification from a configurable library, and gamma spectrum acquisition and analysis 
(Canberra Industries, 2011).  It is portable and contains an ultra-low noise pulse tube cooling 
system capable of electrical cooling to operating temperatures of approximately -170 °C.  
Detector operation is conducted through wired or wireless communication with an external tablet 
running Windows XP with spectra analysis support with Canberra’s Genie 2000 spectroscopy 
software.  
Germanium detectors like the Falcon 5000 operate in the same fashion as other solid-state 
radiation detectors.  The crystal lattice structure of the material creates bands of energy that 
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electrons may reside in. The lower band is the valence band which represents outer shell 
electrons bound within the crystal.  The higher band is known as the conduction band and is 
representative of those electrons that are able to freely move within the structure.  These two 
bands are separated by a bandgap and the size of this bandgap determines whether the material is 
an insulator or a semiconductor.  Impurities within the crystal lattice of the detector create either 
an abundance of electrons (n-type) or holes (p-type).  Electron-hole pairs in a semiconductor 
diode are analogous to ion pairs within a gas-filled detector and their motion within the detector 
constitutes a signal.  Application of a reverse biased voltage to a system with a p-n junction 
allows for charge carriers created in that region to be quickly and efficiently collected (Knoll, 
1999). 
The Falcon 5000 HPGe was generically characterized by Canberra to be used with In Situ 
Object Counting System (ISOCS/LabSOCS) software packages.  Detector characterization relied 
heavily on MCNP Monte Carlo code to simulate detector response to gamma ray sources.  
ISOCS characterization was conducted in three steps.  The first step was to develop and validate 
the MCNP model to be used for the detector characterization based on the physical dimensions 
of the detector itself.  This model was then compared with traceable sources of 
241
Am and 
152
Eu 
at various geometries for validation.  The second step was to generate efficiency data sets at a 
wide variety of source locations and energies.  These data sets were used in the final step, which 
was the creation of the detector characterization file used in the ISOCS/LabSOCS calibration 
software (Canberra Industries, 2011). 
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1.4 Prior Research 
In 1988, Ahlgren and Olsson studied the radionuclides produced in a Varian Clinac 1800 
using an 18 MV beam.  Measurements were made 10 minutes after irradiation using a HPGe 
detector facing the target and placed at the beam isocenter. Activation products found in the 
accelerator head included 
24
Na, 
28
Al, 
54
Mn, 
56
Mn, 
57
Ni, 
53
Fe, 
59
Fe, 
58
Co, 
62
Cu, 
64
Cu, 
82
Br, 
122
Sb, 
and 
187
W.  Radionulcides were also found in various accelerator accessories including the steel 
wedge filter (
28
Al, 
53
Fe, 
56
Mn), 60° lead wedge filter (
27
Mg, 
28
Al, 
120
Sb, 
122
Sb, 
124
Sb), and 
transparent lead-block holder (
15
O, 
34
Cl
m
, 
38
Cl).  They also found that the induced radiation in the 
accelerator head could result in an absorbed dose of 2 mGy y
-1
 to a therapist’s fingers. 
Almen et al. (1991) tested 5 different linacs and 2 different microtrons to determine the 
absorbed dose to linac technicians.  It was determined that the total annual absorbed dose rate to 
the trunk was approximately 2.0 mGy.  One-third of this dose was attributed to radiation induced 
in the accelerator while the remaining two-thirds was due to radiation transmitted through the 
treatment room walls.  Shortly after treatment, the dose-rate was most affected by those 
radionuclides with shorter half-lives (
28
Al, 
62
Cu) but, at longer times, the longer half-life 
radionuclides (
187
W, 
57
Ni) were the primary dose contributors.  Furthermore, it was observed that 
the absorbed dose rate was approximately two times higher at the beam isocenter compared to 
the dose immediately adjacent to the treatment couch. 
In 2004, a study of the induced activity of various components of an 18 MV Siemens KDS 
linac was conducted (Roig et al., 2004). Activation products were found in the target, window 
wave-guide, flattening filter, and wedge.  These radionuclides are presented in Table 1.2. 
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Table 1.2:  Activation products found in an 18MV Siemens KDS linac for a counting time of 
600s. (Roig et al., 2004) 
 
The activities found in Table 1.2 were estimated from the set of measurements the team 
made seven days after the accelerator’s last clinical use.  In this study, the accelerator was broken 
down and the component parts measured individually.  Component orientation was found to not 
significantly affect detector signal.  Not surprisingly, it was determined that the most activated 
component of the linear accelerator head was the target, which in this machine was made of gold 
and tantalum. 
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 Fischer et al. (2006) studied the effect of open and closed collimator jaws on activation 
products produced and their transmission.  An HPGe detector was placed on the treatment couch 
after delivery of 400 MU of 15MV x-rays at a dose rate of 400 MU/min.  The most sensitive 
portion of the detector was placed near the isocenter and gamma spectra were recorded for both 
open jaws (field size of 15 cm x 15 cm) and closed jaws (field size below 1 mm x 1 mm).  
Identified radionuclides included 
24
Na, 
28
Al, 
54
Mn, 
56
Mn, 
57
Co, 
58
Co, 
60
Co, 
57
Ni, 
62
Cu, 
65
Zn, 
82
Br, 
122
Sb, 
124
Sb, 
187
W, and 
196
Au.  Discrepancies between the open and closed spectrum are shown in 
Figure 1.4.  
 
Figure 1.4: Gamma spectra obtained at isocenter 15 minutes after beam-off.  Field size of 15 cm 
x 15 cm with open jaws, less than 1 mm x 1 mm with jaws closed.  Open jaw spectrum shifted 
+10 keV for better clarification. (Fischer et al., 2006) 
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These results were interesting for a number of reasons.  First, the count rate for the 511 keV 
annihilation peak was reduced significantly (~10% of initial value) with the closing of the jaws.  
Second, blade position was largely ineffective for reducing the spectral line amplitude of β- 
decaying isotopes. Third, closing of the collimator had the effect of decreasing spectral line 
amplitude for β+ and EC decaying isotopes (Fischer et al., 2006).  They concluded that activation 
products inside the linac treatment head was due primarily to photonuclear reactions and that 
neutron capture will largely contribute to induced activity outside the treatment head. 
 In 2008, Brusa et al. analyzed the long term activation produced in the treatment head of 
a 15 MV Mevatron Siemens 77 medical linac one year after its last clinical use.  Ten different 
components of the treatment head were analyzed for radionuclide activity including the 270° 
deviation chamber, accelerating waveguide terminal, two external shields, target sledge, 
scattering foil support, sledge stirrup, primary photon collimator, flattening filter, and jaw.  
Figure 1.5 provides a schematic view of the treatment head and analyzed samples.  From these 
measurements it was shown that one year after the medical linacs last clinical use, the bulk of the 
material exhibited a specific activity of less than 1 Bq g
-1
.  Common radioisotopes found in the 
materials included 
54
Mn, 
57
Co, 
58
Co, 
60
Co, 
65
Zn, 
181
W. They concluded that most of the activated 
materials are metals that can be shielded and should not pose a problem (Brusa et al., 2008). 
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Figure 1.5: Schematic view of medical linear accelerator treatment head and material samples 
analyzed. (Brusa et al., 2008) 
 
 2008 also saw Fischer et al. (2008) compare the activation products of four different 
medical linacs through in situ gamma spectroscopy.  Dose rates and activation products of 
medical linacs developed by Elekta/Phillips, General Electric, Siemens, and Varian were studied.  
Many of the same radioisotopes were found among the different machines and their apparent 
activities and dose rates calculated (Table 1.3).  Of interest is the similarity in activated nuclides 
present within each of the different machines and the wide range of radionuclide half-lives 
present. 
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Table 1.3: Radioisotopes found in four different medical linacs including their dose rates and 
apparent activities. (Fischer et al., 2008) 
 
 Yamaguchi et al. (2008) found radioactive nuclides in the target assembly of a 10 MV 
linear accelerator, 20 MV microtron, and the screws of a cyclotron. Several radionuclides with 
relatively long half-lives were discovered such as 
51
Cr, 
54
Mn, 
59
Fe, 
57
Co, 
58
Co, 
60
Co, 
65
Zn, 
108m
Ag, and 
110m
Ag (Yamaguchi et al., 2008) 
Also in 2008, Konefal et al. conducted a study into the undesirable photonuclear, 
electronuclear, and neutron capture reactions that take place after high energy therapeutic beam 
emission. A Varian Clinac-2300 and a Primus Siemens medical linear accelerator were measured 
and the following radioisotopes were found: 
187
W, 
56
Mn, 
28
Al, 
57
Ni, 
38
Cl, 
57
Co, 
196
Au, and the 
neutron activation of 
1
H.  Potential isotope genealogy was also determined and is presented in 
Figure 1.6.   
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Figure 1.6: Isotope genealogy for radionuclides.  Germanium isotopes are likely from the 
detector used. (Konefal et al., 2008) 
 
Konefal et al. (2008) also determined that detector efficiency is greater when using an orientation 
where the detector faces the source than when its side is presented.  The team also found that the 
17 
 
induced radioactivity in the treatment room was strongly influenced by the neutron flux and that 
photonuclear reactions are more likely to be induced in materials outside of heavy atomic nuclei 
as the x-ray beam energy increases from 15 to 20 MV. 
 Recently, Saeed et al. (2015) determined that direct air activation can occur in the path of 
a high energy photon beam. 
13
N is the main contributor to air activation from the use of a 15 MV 
beam and will emit a 511 keV annihilation photon after a 10 minute half-life (Saeed et al., 2015). 
 
 
1.5 Scope of work 
This research aims to quantify the amount of activity produced by the various activated 
isotopes found in a Varian 21iX medical linear accelerator.  Several tests were conducted in 
which a solid water phantom was irradiated with 15 MV x-rays for a few thousand monitor units 
(MU) and the activated isotopes were identified and their activities determined.  To evaluate the 
effects of multi-leaf collimators, measurements were made with and without multi-leaf 
collimation.  A Canberra Falcon 5000 High Purity Germanium (HPGe) detector was used to 
detect the gamma rays emitted from the activated isotopes.  The detector position was chosen to 
simulate the approximate distance between a radiation therapist and patient during pre-treatment 
setup. 
Due to the rather complex geometry associated with these experiments, ISOCS 
Efficiency Calibration Modeling was incorporated.  This software allows for the three-
dimensional modeling of radioactive sources in order to provide an efficiency curve which can 
be incorporated in Canberra’s Genie 2000 Basic Spectroscopy and Gamma Analysis software 
18 
 
(Canberra Industries, 2012).  The efficiency modeling was then checked against various 
calibration sources in order to determine the accuracy of the 3D efficiency modeling. 
Based on spectral analysis, it is hypothesized that the Falcon detector is capable of 
identifying activation products from the Varian 21iX linac and that these isotopes are identical to 
those measured in other Varian linac models using different detectors.  With the addition of 
efficiency modeling, and calibration source measurements, it is hypothesized that estimates of 
activities will be similar to those obtained in other studies.  
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Chapter 2 
Materials and Methods 
2.1 Experimental Procedures 
 Measurements were conducted on a Varian 21iX medical linac.  A 30 cm x 30 cm x 20 
cm solid water phantom was placed at an SSD of 100 cm and at the center of a 20 cm x 20 cm 
field created by the collimator jaws of the linac.  A Canberra Falcon 5000 HPGe Detector was 
placed 30 cm from the side of the phantom, approximately 10 cm from the top, and 90° to the 
incident beam along the central axis (Figure 2.1). 
 
Figure 2.1: Primary experimental setup.  Detector, solid water phantom, treatment head, and 
treatment couch are shown.  Source-to-Surface Distance (SSD) is 100 cm. 
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With the detector in place and prior to beam operation, a 5 minute background count was 
acquired.  The detector software saved this background measurement and automatically 
subtracted it from all subsequent measurements.  The detector was then removed from the room 
and 15 MV x-rays were used to irradiate the phantom using both 1000 and 5000 MU.  Following 
irradiation (1000 or 5000 MU), the detector was put into position and 5 minute spectral 
measurements were made within 1 and 15 minutes after the beam was shut off.  These 
measurements were also repeated for a 20 cm x 20 cm field created using the MLC with the 
collimator jaws of the linac open to 25 cm x 25 cm.  This was done to establish any differences 
in activation products between the open field and the MLC field. 
 In addition to the experimental setup shown in Figure 2.1, two additional 5 minute 
measurements were obtained: (1) with the detector placed directly underneath the central axis of 
the beam and (2) with the detector oriented upward directly facing the beam. 
  
2.2 Detector Efficiency Calibration 
 Detector efficiency calibration was conducted using three different test sources.  Each 
test source had a known activity calibration and, taken together, the sources had gamma energies 
covering a wide spectrum: 
60
CO (1173 keV, 1332 keV), 
133
Ba (81 keV, 276 keV, 303 keV, 356 
keV, 383 keV), and 
137
Cs (662 keV).  In order to reduce scatter from the surrounding 
environment and optimizing the source detector geometry, the detector was positioned facing 
directly upward with the sources suspended above the center of the detector aperture.  
Measurements were conducted at distances of 30, 60, and 100 cm for each source.  Acquisition 
time for each measurement was 2 hours.  This ensured that the peak energies from each source 
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were prominently measured.  The efficiency at each energy was calculated and used to compare 
the results determined from the ISOCS modeling.    
  
2.3 ISOCS Efficiency Calibration Software 
 ISCOS Efficiency Calibration software allows for the determination of efficiency 
calibration through 3D modeling in order to asses contamination levels for a variety of 
substances including soil, bags, drums, boxes, walls, pipes, and various metals such as lead and 
tungsten.  Shape templates are provided by the software, and using these various templates a 3D 
representation of the object from which gamma spectral data was acquired can be created.  With 
this data the ISOCS software can generate the required efficiency calibration file to be used to 
analyze the acquired spectra. 
 The issue of efficiency calibration was evident from the way that our experiment was set 
up.  As previously discussed, the experimental geometry was chosen to mimic the geometry 
between the radiation therapist and patient.  This involved placing the detector 90° from the 
central beam axis and 30 cm from a solid water phantom as illustrated in Figure 2.1.  This setup 
was also chosen because it has been shown to provide maximum neutron flux (Howell et al., 
2009).  Unfortunately, this geometry made efficiency calibration particularly difficult.  Other 
research into activation products placed the detector at an orientation where it was directly under 
the isocenter of the beam similar to Figure 2.2 (Fischer et al., 2006; Fischer et al., 2008; Ram & 
Steadman, 2014).  Using this geometry, the efficiency can be calculated from a variety of test 
sources placed at approximately 1 m from the detector (Ram & Steadman, 2014; Roig et al., 
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2004).  The geometry used for the present experiment was more complex and necessitated the 
ISOCS software to determine the detection efficiency. 
Figure 2.2: Alternate measurement configuration.  Here the detector is directly facing the 
treatment head at an SSD of 100 cm. 
 
 
2.4 ISOCS Modeling Process 
 Specific details about the materials used in the construction of the Varian 21IX are 
proprietary information of Varian Medical Systems and therefore certain assumptions had to be 
made regarding the materials used to construct the linac and hence the input parameters for the 
3D modeling software. An attempt was also made to simplify the experimental geometry.  
23 
 
Although the x-ray beam is pointed in a single direction toward the patient, there exists a 
considerable amount of scatter which allows for radiation to propagate throughout the room.  
Similarly, activated radioisotopes can exist in the accessories present in the treatment room and 
are not exclusive to components of the linac (Fischer et al., 2006; Thomadsen et al., 2014).  This 
uncertainty in the precise location of the emitted radiation detected necessitated a simplification 
in the geometry used in the 3D modeling process.  A two object system was assumed: a simple 
sphere of tungsten representing isotropic distribution of radiation from the head of the linac, and 
a simple box of water representative of the solid water phantom.  Prior research has found that 
the target and linac head are the most activated objects in the linear accelerator system and 
tungsten was used because that is the material generally used as the target (Brusa et al., 2008; 
Kim et al., 2009; Roig et al., 2004; Yamaguchi et al., 2008).       
 Upon running the ISOCS software one of the first prompts that appears is the choice of 
detector type.  The Falcon 5000 HPGe and Falcon collimator cap were chosen as they have both 
been characterized previously by the software.  From the list of available templates, Simple Box 
and Simple Sphere were chosen in order to model the solid water phantom and linac head, 
respectively.  A 30 cm x 30 cm x 20 cm water box with a source concentration value of 1.0 was 
created and placed 30 cm from the detector (Figure 2.3). 
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Figure 2.3: 3D representation of the solid water phantom of dimensions 30 cm x 30 cm x 20 cm. 
 
A tungsten point source was modeled using the simple sphere schematic from the ISOCS 
software package.  Although a point source is not truly representative of the actual shape and 
size of the target, it does provide for an approximation of the isotropic distribution of radiation 
emanating from the target. Using a point source also had the benefit of increasing the efficiency 
of the system by limiting the amount of self-attenuation present.  Figure 2.4 displays an 
exaggerated representation of the tungsten point source in order to clarify detail and positioning 
in relation to the detector. 
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Figure 2.4: 3D representation of the tungsten source used for modeling.  The present sphere was 
enlarged to display detail and location of the tungsten source.  Actual modeling was conducted 
using a tungsten point source in order to limit the effect of self-attenuation. 
 
 Point sources of both cobalt and cesium were also simulated in order to verify the 
efficiency curves generated from the ISOCS modeling.  These point sources were 0.1 mm 
diameter spheres with no wall thickness and placed 1 m from the front of the virtual detector. 
The source itself contained a 0.01 mm source shell thickness and a 1:1 relative source 
concentration ratio between the shell and the volume.  To better simulate a check source used for 
efficiency calibration, plastic housing was also modeled and the point sources placed within 
26 
 
them.  A simple cylinder of low density polyethylene 2.54 cm (1 inch) in diameter and 0.5 cm 
thick was created to act as housing for both the cesium and cobalt point sources. 
The software does not allow modeling of more than one object at a time, but it does allow 
for calibration of multiple sources using the Weighted Average mode once an efficiency (ECC) 
file is created for each object.  A weighting factor proportional to the activity of each object is 
chosen and is generally determined by the volume of the element (Canberra Industries, 2012).  
This multi-efficiency process was conducted on both the sphere/box system and the point 
source/plastic housing system.  Arbitrarily chosen weighting factors of 2:1 was used for the 
sphere/box system and 1:1 for the point source/plastic housing system.      
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Chapter 3 
Results 
3.1 Gamma Spectra 
 Eighteen total measurements were conducted and the gamma spectra analyzed.  Eight 
measurements were conducted on the first day and ten measurements conducted on the second 
day.  The first eight measurements from the second day were performed to the same 
specifications as the eight measurements from the first day but with the addition of MLC.  Two 
more measurements were performed on the second day with the detector in different orientations. 
A comparison between the measurements from the two days is provided in Figure 3.1. 
a)  
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b)  
Figure 3.1: Comparison of initial spectra after application of 1000 MU. a) Spectra taken without 
MLC.  b) Spectra taken with MLC. 
  
Figure 3.1 shows several similarities between the two spectra after an initial application 
of 1000 MU.  A prominent annihilation peak and several isotopes (
56
Mn, 
82
Br, 
99
Mo, 
122
Sb, and 
187
W) were found in both spectra with and without the application of MLCs.  After an initial 
application of 1000 MU of radiation, there appears to be little difference between the two spectra 
presented.  An additional 15,000 MU (Figure 3.2) resulted in several peaks becoming more 
defined, but the overall shape and isotopes found did not change compared to the 1000 MU data. 
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a)  
30 
 
b)  
Figure 3.2: Gamma spectra measured after total application of 16000 MU. a) Spectra taken 
without MLC.  b) Spectra taken with MLC.  
  
Two measurements were taken with the detector in an alternate position in order to 
compare how the difference in orientation affected the spectra.  In Figure 3.3, the most sensitive 
area of the detector was placed at the beam isocenter with an SSD of 100 cm and oriented at 90°.  
These measurements were taken approximately 30 minutes after the last beam operation, but it is 
apparent that placing the detector directly under the beam aperture allows for fairly well defined 
peaks of familiar isotopes.  The last measurement was taken with the detector directly facing the 
beam aperture and is presented in Figure 3.4.  Changing the detector orientation resulted in the 
detection of two additional isotopes: 
64
Cu (1346 keV) and 
124
Sb (1046 keV). 
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Figure 3.3: Gamma spectra taken with detector at beam isocenter, 90 degrees, SSD of 100 cm, 
and approximately 30 minutes after beam was shut off. 
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Figure 3.4: Gamma spectra taken with detector face directly facing beam aperture (0 deg.) 
approximately 40 minutes after beam off.   
 
     
3.2 Detector Efficiency Calibration and Modeling 
 ISOCS was used to create a 3-D model of our system in order to determine the detection 
efficiency of the applied geometry.  Prior to modeling this complex geometry, the efficacy of the 
ISOCS software was tested by modeling a point source and comparing it to an efficiency curve 
developed with multiple sources.  A point source of cesium and cobalt was modeled as was the 
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small polyethylene housing that contains these sources.  The efficiency for the two modeled 
point sources was calculated using a 1:1:1 weighted average between the cesium, cobalt, and 
polyethylene housing.  The efficiency curve modeled from ISOCS was compared to the data 
from the point source measurements using various check sources.  The results from the 
efficiency comparison at 30, 60, and 100 cm are presented in Figure 3.5. 
a)  
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b)  
c)  
Figure 3.5: Comparison of efficiencies between ISOCS point source modeling and measured 
values of various check sources at a) 30 cm, b) 60 cm, and c) 100cm 
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The measured data was fit to a fifth order polynomial in order to compare it the ISOCS 
generated results and is presented in Figure 3.5 as “Poly (Measured)”.  As shown in Figures a – 
c, there is good agreement between the ISOCS modeled results and the calibration sources at 
each measured distance.  The comparison is more tenuous at lower energies, which could be due 
to a lack of data points within that range.  One of the caveats to using the ISCOS software is that 
modeled parameters need to contain a source concentration in order for its efficiency to be 
determined.  This includes modeled objects such as the polyethylene housing for the check 
sources used in the previous comparison.  In order to model the entire system, a miniscule 
amount of source concentration was added to the polyethylene so that the efficiency could be 
determined.  This cesium/cobalt/polyethylene system was then compared to just a cesium/cobalt 
system to determine the effect of the polyethylene source concentration on the total efficiency.  It 
was shown that addition of the polyethylene source housing had no effect on the total efficiency 
determined by ISOCS and its subsequent fit to our measured data.  This comparison is presented 
in Figure 3.6. 
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Figure 3.6: Comparison of the ISOCS generated efficiency with and without the addition of the 
plastic source housing show nearly identical results.  The plastic source housing has a miniscule 
source concentration that evidently had little effect on the total efficiency generated.  
 
These results help to validate the ISOCS software modeling and show that the software is 
capable of modeling a simple system accurately.  This is a necessary first step and provides a 
high degree of confidence that the software is capable of modeling more complex geometries 
such as those used in the present experiments.  As previously discussed, the efficiency curve 
used for the experimental geometry involved modeling a tungsten point source and a solid water 
phantom.  (Figure 3.7). 
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Figure 3.7: Efficiency curve generated from ISOCS modeling of the experimental system.  
These efficiencies were used to determine the apparent activities of the measured isotopes. 
 
  
3.3 Apparent Activities 
 After the modeled efficiency determination, isotope apparent activities were determined 
by the following equation: 
       𝐴 = 𝑒(𝜆∆𝑡)
𝐶
𝑡𝑙𝑖𝑣𝑒∗𝑓∗𝜀
    (Eq.1) 
Where A = apparent activity in Bq, λ = isotope decay constant, Δt = time interval 
between beam off to spectra acquisition, C = net counts under a peak, tlive = live measurement 
time, f = branching ratio for the observed energy, and ε = photopeak efficiency of the detector at 
the observed energy.  The apparent activity equation was used by Fischer et al., (2008) in their 
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comparison of several different medical linacs by assuming that “all nuclei are concentrated at 1 
m distance from the detector” and that “all induced activity is concentrated in the accelerator 
target” and gives the value of the induced activity at the time of beam termination.  Although this 
may not necessarily be true in most cases, assuming a centralized location for the activity 
generated allows for quick comparison between different machines.  This assumption was made 
in this work and the work of Ram and Steadman (2014).  The observed isotopes and activities 
presented by Fischer et al. (2008) and Ram and Steadman (2014) are reproduced in Tables 1.3 
and 3.1, respectively.  Although the gamma spectra observed varied between each machine used, 
several isotopes were found in all studies including 
56
Mn (848 keV), 
82
Br (555, 1041 keV), 
122
Sb 
(564 keV), and 
187
W (480, 617, 686 keV).  
62
Cu (511 keV) was absent from the Ram and 
Steadman (2014) data but was present in this project’s data and the Fischer et al. (2008) data.  In 
spite of the differences in equipment and methodology used in the different studies, these 
isotopes were consistently found and served as a good point of comparison.   
 
Table 3.1: Gamma spectroscopy results from a Varian TrueBeam medical linear accelerator. 
(Ram & Steadman, 2014) 
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 Apparent activities were converted from becquerel to microcurie for comparison.  Data 
for this project was presented in three ways: no normalization to applied MU, normalization to 
last applied MU, and normalization to total applied MU.  Figure 3.8 and 3.9 display the 
comparison of apparent activities between the datasets after application of 1000 MU without and 
with MLC present, respectively.  Figure 3.10 shows the dataset comparison without MLC after 
total application of the full 16000 MU while Figure 3.11 shows the data for the same parameters 
but with the MLC applied.  Table 3.2 lists a summary of the apparent activities after total 
application of 16000 MU.          
 
Figure 3.8:  Apparent activity comparison between different datasets after total application of 
1000 MU with no MLC present.   
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Figure 3.9: Apparent activity comparison between data sets after total application of 1000 MU 
with an MLC applied to the field. 
 
 
Figure 3.10: Apparent activity comparison between data sets after final application of 5000 MU, 
bringing the total applied MU count to 16000.  Also shown is the comparison between the 
different normalization schemes.  No applied MLC. 
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Figure 3.11: Apparent activity comparison between data sets after final application of 5000 MU, 
bringing the total applied MU count to 16000.  Also shown is the comparison between the 
different normalization schemes.  MLC was applied here. 
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 No Normalization           
(16000 MU) 
Normalized to Total MU  
(16000 MU) 
Isotope  Apparent 
Activity (µCi) 
Activity error Apparent 
Activity (µCi) 
Activity error 
Mn-56 w/o 
MLC 
3.56E+01 2.16E+00 
 
2.23E+00 
 
1.35E-01 
 
 w/ MLC 3.28E+01 
 
2.00E+00 
 
2.05E+00 
 
1.25E-01 
 
Cu-62 w/o 
MLC 
4.45E+01 
 
2.70E+00 
 
2.78E+00 
 
1.69E-01 
 
 w/ MLC 5.36E+01 
 
3.25E+00 
 
3.35E+00 
 
2.03E-01 
 
Br-82 w/o 
MLC 
4.56E+00 
 
4.42E-01 
 
2.85E-01 
 
2.76E-02 
 
 w/ MLC 5.56E+00 
 
7.24E-01 
 
3.47E-01 
 
4.53E-02 
 
W-187 w/o 
MLC 
5.37E+01 
 
3.98E+00 
 
3.35E+00 
 
2.49E-01 
 
 w/ MLC 4.86E+01 
 
3.62E+00 
 
3.04E+00 
 
2.26E-01 
 
Sb-122 w/o 
MLC 
7.44E-01 1.40E-01 
 
4.65E-02 
 
8.72E-03 
 
 w/ MLC 5.64E-01 1.71E-01 
 
3.52E-02 
 
1.07E-02 
 
Table 3.2: Apparent Activity summary for analyzed isotopes.  Data without normalization 
represents total activity after application of 16000 MU.  Data normalized to total MU shows 
activity of isotope per 1000 MU after application of 16000 MU.   
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Chapter 4 
Discussion 
 This project set out to determine the potential activation products produced after beam 
operation at energies above 10 MeV.  After running a 15 MV beam for 16000 MU, the gamma 
spectra observed post-beam termination yielded several radioisotopes previously observed in 
other studies.  Gamma energies above 400 keV were primarily considered and interestingly, no 
gamma peaks above 1348 keV were found.  This was peculiar because previously published 
results listed several isotopes (
24
Na, 
28
Al, 
57
Ni) above this range (Ahlgren et al., 1988; Ram & 
Steadman, 2014; Thomadsen et al., 2014). Additionally, other higher energy gamma peaks found 
in other studies (
56
Mn, 
82
Br) were not detected in this work.         
A potential reason for these discrepancies is that the Falcon 5000 detector used in these 
measurements included a neutron probe which may have affected the detector response at low 
energies.  It is also possible that certain detector settings may have affected the response at 
higher energies as well, since the highest energy peak (1348 keV) was only detected after 
altering the position of the detector such that it was directly under the beam aperture.  Placement 
of the detector volume at the isocenter of the beam was utilized by several different researchers 
and may possibly lead to better signal detection.  The measurements made at these positions are 
presented in Figures 3.3 and 3.4 and show the same isotopes found at the other detector positions 
along with small gamma peaks at 1046 and 1346 keV corresponding to 
124
Sb and 
64
Cu, 
respectively. Future experiments can be conducted with altered detector position and energy 
settings to determine whether gamma peaks above this energy exist for this particular linac.   
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It should be noted that, in spite of the myriad differences between researchers’ 
methodologies in the type of linac analyzed, energy output, type of detector used, and detector 
position, there is remarkable agreement in many of the activated isotopes found.  This would 
imply the presence of many common materials used in the manufacturing of these medical 
linacs, as well as similarly available accessories present in the treatment rooms.  Although a 
complete analysis of the materials used in the construction of the linac studied was not possible 
in this work, the similarity to activated isotopes found in other studies implies that many 
materials are shared between the various types of Varian model linacs.    
 One of the defining features of this project was the source detector geometry.  Whereas 
other investigators placed the detector at the beam isocenter, placement of the detector 30 cm 
from the solid water phantom in this study had the benefit of more accurately simulating 
radiation therapist positioning during patient set up.  The addition of the solid water phantom 
also aided in simulating potential patient scatter into the detector face.  However, due to the 
complex geometry involved, direct determination of detector efficiency was not possible and 
necessitated the use of 3D modeling via the ISOCS software package.  Verification that the 
response of the ISOCS software matched a considerably simpler geometry (Figure 3.5 a – c) 
provided confidence that the software was capable of yielding accurate detector efficiencies for 
the geometry and range of energies used in this work.  Even so, the ISOCS modeling did pose 
some challenges.   
Based on previous studies, it has been shown that the treatment head and target are the 
primary source of induced activity.  However, the materials used in the construction of this linac 
model and the actual size of these components are unknown.  Simplifying this system involved 
the 3D modeling of a two-piece system only: target and solid water phantom.  Modeling of the 
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solid water phantom was simple and straightforward, but due to the unknown characteristics of 
the target and treatment head, several simplifying assumptions were made.  First, the target was 
modeled as a spherical point source in order to prevent self-attenuation at low energies.  Second, 
only the target was modeled and tungsten was chosen as the material most likely to be used.  
These assumptions greatly simplified the linac system for efficiency calculation purposes due to 
the omissions of shielding, collimators, and other materials used in the linac treatment head 
construction.  The resulting efficiency curve (Figure 3.7) seemed to be a good approximation 
when compared to the results from the simpler geometry from Figure 3.5c, but it may be possible 
to improve the calculated efficiency with a more detailed 3D modeling and knowledge of the 
construction materials used.  Other considerations include taking measurements primarily with 
the detector volume at the beam isocenter in order to more readily verify detector efficiency.   
The weighting factors used for efficiency calculations were arbitrarily chosen to 
approximate the proportional amount of radioactivity present between the components being 
modeled.  This was especially difficult to determine given the fact that the materials used in the 
tungsten/water phantom system were so different from each other and their relative activity 
concentrations unknown.  This scenario was also present in the check source geometry 
simulation, but was slightly simplified with the notion that the modeled polyurethane housing 
had a negligible activity concentration.  Thus, the values that were used were arbitrarily chosen 
to best approximate the proportional amount of activity for the given item.   
It should also be noted that this project was particularly unique because of the 
comprehensive efficiency modeling involved.  The efficiency of the Falcon 5000 HPGe detector 
was verified at three different distances using three different sources representing a range of 
energies, and at each distance the efficiency matched very well with the simulated sources 
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produced by ISOCS.  This has not been done before and it validated both the ISOCS software as 
an integral tool for modeling the efficiency of complex systems and the characterization of the 
Falcon 5000 HPGe detector with the software.  Having such a comprehensive model of the 
efficiency also shows that the calculated apparent activities are accurate for the given geometry 
of our modeled experimental system.    
Apparent activities were calculated for the five most prominent isotopes (
56
Mn, 
62
Cu, 
82
Br, 
122
Sb, 
187
W) detected in this work in order to be compared with the same isotopes presented 
in other studies.  Two previous investigations conducted by Fischer et al. (2008) and Ram and 
Steadman (2014) were used as a template for the apparent activity analysis.  These studies 
evaluated apparent activities due to activation products from Varian medical linacs different 
from the model used in the present work.  Of particular interest are large discrepancies between 
the detected isotopes observed in the two studies.  This is most likely caused by differences in 
key experimental parameters including linac model, beam energies, irradiation time, detector 
type, source-detector geometry and efficiency calibration.  However, despite these differences, 
similar isotopes were observed and the five isotopes listed above were found in all studies 
including this work.  Other isotopes observed in all studies included 
64
Cu and 
124
Sb, however 
these were only detected in this work when measurements were made with the detector volume 
at the beam isocenter (Figure 2.2).  The bulk of the measurements reported in this work focused 
on the apparent activity build-up between beam operations, of five isotopes (
56
Mn, 
62
Cu, 
82
Br, 
122
Sb, 
187
W) detected using the source-detector shown in Figure 2.1. Although 
64
Cu and 
124
Sb 
were not detected during those measurements, it is reasonable to assume that they were present 
but could not be detected due to the source-detector geometry.  The two isotopes were only 
observed following repositioning of the detector volume at the isocenter of the beam.  This is in 
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good agreement with the results of both Fischer et al. (2008) and Ram and Steadman (2014) who 
observed all of the seven isotopes discussed above using an identical isocenter geometry.      
The apparent activity analysis showed wide discrepancies between the calculated 
activities between each of the projects as shown in Figures 3.8 – 3.11.  Even with different 
normalization schemes, there was little similarity between the three sets of data. The differences 
can most likely be attributed to the variations in experimental variables between the different 
investigations.  
It is important to note that, in spite of these differences, each of the calculated apparent 
activities is very low, i.e., in the microcurie and lower range.  The observation that the common 
isotopes detected are all in the microcurie range, despite changes in linac workload and detector 
positioning, implies that the total amount of additional activity present post-beam operation is 
likely limited to a few hundred microcuries.  Although dose rate data was not collected during 
these measurements, they were measured by Fischer et al. (2008) and Ram and Steadman (2014).  
Given the similarity between the apparent activity ranges between those two prior investigations 
and this one, the annual dose to a radiation therapist working in the vicinity of the linac analyzed 
in this present work can be extrapolated to lie somewhere within the range of values estimated by 
Fischer et al. (2008) and Ram and Steadman (2014) for Varian machines, those values being 2.53 
mSv and 3.15 mSv, respectively.  This is within the range of acceptable annual occupational 
dose limits and should not be a problem for radiation therapists.  
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Chapter 5 
Conclusion 
 The primary aim of the project involved quantifying the amount of activity from 
activated isotopes that arose after operating a Varian 21iX medical linac at 15 MV for 16000 
MU.  A Falcon 5000 HPGe detector, was used to measure gamma spectra of the activation 
products which were then compared with previously published results.  Although it was not 
possible to determine the exact location of the activated materials, several studies have indicated 
that the linac treatment head and target are the primary sources of much of the induced radiation 
and, as such, both were considered in the 3D modeling of the experimental system in order to 
determine detector efficiency which was used to calculate apparent activities of the activation 
products. 
 The following activation products were identified from the Varian 21iX linac: 
56
Mn (848 
keV), 
62
Cu (511 keV), 
82
Br (555, 1041 keV), 
99
Mo (778 keV), 
122
Sb (564 keV), and 
187
W (480, 
617, 686 keV).  These were identical to the activation products observed in other studies using 
different Varian linac models.  Apparent activities were calculated for the five isotopes (
56
Mn, 
62
Cu, 
82
Br, 
122
Sb, and 
187
W) similarly found in works by Fischer et al. (2008) and Ram and 
Steadman (2014).  Estimated apparent activities for all activation products measured in this work 
were in the microcurie range which is in qualitative agreement with the findings of studies on 
other Varian linac models.  No significant differences were observed between spectra acquired 
with or without MLCs.  Slight changes in gamma spectra were noted following changes in 
source-detector geometry.  For example, 
64
Cu and 
124
Sb were only observed when the sensitive 
volume of the detector was placed at the beam isocenter. 
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 Future investigations can be conducted to obtain a deeper understanding of the activated 
isotopes present.  Although the Falcon detector did not measure signals above 1348 keV, it is 
possible that settings can be adjusted for energy measurements above that range.  Detector 
positioning can also be changed in order to simplify the geometry used for a more verifiable 
efficiency measurement.  Placing the detector volume at the beam isocenter resulted in the 
detection of additional isotopes not observable at the primary source-detector geometry used in 
this work.  Further investigation into the isotopes detected in the beam isocenter geometry 
immediately after beam termination may result in the detection of shorter lived and/or lower 
energy isotopes not detected in the primary geometry.  It is also possible to utilize the MLC 
differently in order to determine how a more closed MLC field will affect the activated isotopes 
detected.  Currently a 20 cm x 20 cm field was created with the MLC by opening the primary 
jaws to 25 cm x 25 cm.  Creating a smaller field size and allowing a larger volume of MLC 
leaves to be subjected to beam radiation may yield different results. 
 In summary, the results of this work demonstrate that a Falcon detector can be used for 
rapid identification of activation products from high energy medical linacs such as the Varian 
21iX.  This data, in conjunction with Monte Carlo modeling, are capable of yielding estimates of 
apparent activity from each activation product thus allowing an estimate of doses to both 
personnel and patients in radiation therapy facilities. 
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